The maximum and minimum fat intakes that are physiologically tolerable by healthy infants and young children are not well de®ned. The maximum tolerable fat intake appears to be limited by the minimum requirements of protein, carbohydrates and micronutrients. It is unresolved whether or not there is a minimum metabolic requirement of dietary fat, beyond the requirements of essential fatty acids and lipid soluble vitamins and the effects on energy density and an adequate total energy intake. The ®rst postnatal months of the human infant are characterized by a rapid weight gain and extensive fat deposition. Body fat deposition equals 25% of the total energy intake during the ®rst 2 and 16% during the third and fourth months, respectively. The provision of dietary lipids in amounts at least matching the needs for tissue storage and fat oxidation appears to be of advantage for energy balance and physiological growth. Some reports have associated low fat diets with less than 30% of energy as fat with adverse effects on child growth beyond infancy, but it remains unresolved whether these effects were caused by an associated effect on dietary energy density and total intake of energy and other nutrients. Closely supervised, healthy infants from an af¯uent population grew normally with a diet providing about 30% of the energy as fat from the seventh month of life onwards, but it is not known to what extent adaptive mechanisms such as a reduction of physical activity may have been required. It is not known whether infants and young children stressed by frequent occurrence of diarrhea and infections may adapt to a 30% fat diet as well or not. No evidence is available for a health bene®t of a low total fat intake in infancy. In view of the limited available information, further research is required to de®ne optimal fat intakes in early childhood since this question is of major importance for child health.
Introduction
It is an unresolved question whether or not there is a minimum metabolic requirement of dietary fat, beyond the requirements of essential fatty acids and lipid soluble vitamins and the provision of an adequate energy density (Koletzko, 1997) . Moreover, it is unclear whether there are adverse effects of very high dietary fat intakes during infancy and young childhood, and on the potential limits of physiological adaptation. This uncertainty is re¯ected by a considerable diversity of recommendations by scienti®c bodies on the desirable amounts of dietary lipid intakes in childhood (Table 1 ). The aim of this paper is to review these issues.
The maximum fat intake tolerable by a healthy child appears to be limited by the minimum requirements of protein, carbohydrates and micronutrients, the de®nition of which is beyond the scope of this paper (Scienti®c Committee for Food, 1993) . In addition, an association of adverse long-term health effects of diets providing high intakes of speci®c fats on the risk of cardiovascular disease, obesity, and some forms of cancer has been reported (Rose, 1997; El-Bayoumy et al, 1997; Katan, 1997; Hu et al, 1997) but these data do not allow the de®nition of an upper threshold limit of total fat intake during early childhood.
With respect to the tolerable lower limit, the pediatrician Franz von Gro Èer (1919) considered at the beginning of this century that infants did not require any fat at all:`In fact we can conclude that dietary fat (in its chemical meaning), even in infants, can be completely substituted by sugar ' (von Gro Èer, 1919) . Today, many mothers consider dietary fat unhealthy for their infants, as a consequence of the public health messages promoting low dietary fat intakes in adults for prevention of cardiovascular and other diseases. Maternal preferences on infant feeding and habitual avoidance of food choices for their infants have recently been polled in questionnaires completed by 1004 English mothers of infants with an age in the range of 3 ± 12 months (Morgan et al, 1995) . Some 87.5% of the mothers in this group considered a low fat intake as important or very important for their baby, and 82.9% indicated to avoid fat and fatty foods always or sometimes in their infant's diet (Table 2) . Data on actual total fat intakes in many young childhood populations have shown average values as low as 28 ± 30% of energy contributed by fat at 6 ± 12 months of age in different studies (Persson et al, 1984; Martinez et al, 1985; Lapinleimu et al, 1995; Michaelsen & Jorgensen, 1995) with some 10% of the infants in these studies at lipid intakes below about 22% of energy intakes (Michaelsen & Jorgensen, 1995) . In contrast to these low fat intakes, the physiological model of providing nutrition to young infants, human breast milk, provides some 40 ± 55% of the energy supply as fats (Rodriguez et al, 1999) , and a similar proportion of energy as fat is also supplied with modern infant formulas (Koletzko & Bremer, 1989 ; European Society for Paediatric Gastroenterology, Hepatology and Nutrition, 1991).
Physiological functions of fat in early childhood
The physiological roles of dietary fat in infants and young children are to provide a source of energy that meets the needs for energy expenditure, fat oxidation and fat deposition during body growth. In contrast to proteins and carbohydrates, lipids can also serve to store energy in the body in almost unlimited amounts, with a much higher energy deposition per g of tissue than can be achieved with glycogen or protein. Lipid depots in the body provide the child with energy reserves that can be utilized during periods with reduced intakes, as they occur during diseases such as infections and diarrhea or under poor living conditions with periods of food shortages. Dietary fats also supply the essential o-6 and o-3 polyunsaturated fatty acids and the fat soluble vitamins A, D, E & K, however, these requirements could be met with relatively small amounts of fat intake (Scienti®c Committee for Food, 1993) . Fats in foods also are of major in¯uence on their organoleptic properties and modulate texture,¯avor and aroma, palatability and thereby total intake of foods.
Due to their rapid weight gain, infants have a very high energy requirement estimated to be about 120 kcalakg and day during the ®rst month of life and about 100 kcalakg and day during most of the ®rst year (Scienti®c Committee for Food, 1993). Healthy growing infants deposit large amounts of fat which equal 35% of the total weight gain during the ®rst half year of life (Figure 1 ). The accretion of fat exceeds by far the energy deposition contributed by proteins and carbohydrates: some 90% of the total energy deposited in growing tissues during the ®rst six months after birth are comprised of lipids (Fomon et al, 1982) . Based on the available data on the increase in body fat mass during the ®rst year of life and average dietary energy intakes, one can express the energy content of deposited fat as a percentage of total energy intake (Table 3) . During the ®rst two months of life, fat deposition equals as much as 25% of dietary energy supply, which rapidly decreases to about 16% during 3 ± 4 months, 6.5% during 5 and 6 months and less than 5% during the second half year of life.
The provision of dietary lipids in amounts at least meeting the needs for tissue storage and obligate fat oxidation appears of advantage. Although newborn infants appear to be able to synthesize lipids for tissue deposition de novo from carbohydrates or proteins (Van Aerde et al, 1989) , the capacity of this endogenous synthesis seems rather limited, and an unfavorable tissue composition would result since de novo lipogenesis provides only non-essential fatty acids. De Recommendation only for follow-on formulae, but not for total diet. Figure 1 Increase of total body fat content in healthy male infants during the ®rst year of life. The deposition of fat exceeds by far the energy deposition contributed by proteins and carbohydrates. Drawn from data of Fomon et al (1982) . Fat intakes in infants and children B Koletzko novo lipogenesis would also require an increased energy intake, because a substantial amount of the energy from dietary carbohydrates and proteins would be lost in energetically futile use of ATP for the synthesis of molecules for storage as metabolic fuel (for example, glycogen, protein) or tissue components (Flatt, 1987) . Fat synthesis from glucose requires about 25% of the glucose energy invested for the cost of synthesis. In contrast, fat deposition from dietary fat requires only about 1 ± 4% of the energy invested (Newsholme, 1978) . The extent of energy loss in vivo is dif®cult to determine, but a higher thermogenic effect of dietary carbohydrates and proteins as compared to long-chain lipids is well documented (Flatt et al, 1985; Dauncey & Bingham, 1983; Lean & James, 1988) . Studies supplying isoenergetic diets with different fat contents actually found a higher body weight and fat gain and a lower energy expenditure on the higher fat diets (Dauncey & Bingham, 1983; Lean & James, 1988; Wood & Reid, 1975; van Aerde et al, 1994) . In parenterally fed newborn infants, the isoenergetic exchange of glucose for lipids signi®cantly reduced energy expenditure by some 10% (Van Aerde et al, 1989) . Medium-chain triglycerides (MCT) do not provide the same energy balance as long-chain triglycerides. MCT contain primarily saturated fatty acids with 8 and 10 carbon atoms and are successfully used for the treatment of fat malabsorption, because they are well absorbed due to their high water solubility and are rapidly cleaved by lipases (Bach & Babayan, 1982) . Due to the shorter chain length of their fatty acids, their energy content (per g fat) is about 16% lower than that of long-chain triglycerides (Koletzko et al, 1999a) . MCT tend to be very quickly oxidized and have a high thermogenic effect, because they reach the liver directly via the portal vein without prior incorporation into chylomicrons and are rapidly transported into mitochondria for b-oxidation, to a large part without the need for binding to coenzyme A and for carnitine mediated transport into the mitochondria (Bach & Babayan, 1982; Borum, 1992) . In human infants about half of the medium chain fatty acids supplied with the diet are not immediately oxidized, but they are also not deposited to any appreciable extent in human tissues as such but ®rst need to be chain elongated, which is an energy consuming process (Sarda et al, 1987; Carnielli et al, 1994) . Indeed, clinical studies evaluating the use of dietary MCT con®rmed that they induce a markedly greater thermogenic effect than dietary long-chain triglycerides (Seaton et al, 1986 ) but have no advantage over long-chain triglycerides with respect to energy balance or weight gain in low birthweight infants (Brooke, 1980; Whyte et al, 1986) .
Although this paper is focussed on discussing intakes of total fat, it is worth mentioning that the quality of the fat supply appears to be of relevance for energy balance. The degree of fat absorption determines the metabolizable fat intake and is in¯uenced by fatty acid chain length, degree of saturation and unsaturation, positional distribution of saturated fatty acids within the triglyceride molecule and other physicochemical properties such as emulsi®cation (Carnielli et al, 1996; Koletzko, 1997) . Studies in humans also indicate a marked effect of both fatty acid chain length and degree of unsaturation on whole body oxidation rates of fat. Myristic acid was reported to be oxidized to a far greater extent than palmitic acid (MacDougall et al, 1996) . Part of these differences might be due to a differential, fatty acid chain length related transport into mitochondria via carrier mechanisms regulated by carnitine and carnitineacyl-transferases. However, independent of chain length also the oxidation of saturated, monounsaturated and polyunsaturated fatty acids of the same chain length was reported to differ . It is also worth mentioning that there are data suggesting that children may preferentially oxidize fat. In a group of children aged 5 ± 10 y the oxidation of 1-13 C-labelled palmitic acid was found to be 45 ± 48% of the administered tracer dose, whereas it was only 22 ± 27% in adults (Jones et al, 1998) .
Do low fat diets interfere with the normal growth of infants and young children?
Dietary treatment of hypercholesteremia in children with reduced fat diets has been associated with adverse effects on growth in two publications. Lifshitz & Moses (1989) described eight children among a group of 40 in whom an unsupervised low fat diet was associated with growth failure. Five children presented with weight loss or insuf®-cient weight gain, and in three children longitudinal growth was reduced. The children with growth failure were reported to have consumed signi®cantly less energy than those children who grew well under dietary treatment. The dietary intakes of the three children with reduced longitudinal growth had the lowest intakes of total energy and fat (below 25% of energy). Hansen et al (1992) analyzed the growth data of 13 Danish children with familial hypercholesterolemia treated with a low fat diet for an average duration of 8.5 y. During this time period, both heights for age and weights for age fell by a mean of 0.4 standard deviations. In contrast, dietary treatment of childhood hypercholesterolemia based on modifying the quality of dietary fat intake rather than reducing fat quantity did not result in poor growth (Koletzko et al, 1992) . However, a recent multicenter study evaluating dietary treatment of hypercholesterolemia in a closely supervised group of 663 children aged 8 ± 10 y randomly assigned to an intervention group (mean dietary fat intake 28.6% of energy) and a control group (33%) did not ®nd a correlation of percentage of dietary energy intake as fat to weight, height, body mass index and skinfold thicknesses, even though the intake of some nutrients was reduced in the intervention group (Obarzanek et al, 1997) . Some studies have also reported unsatisfactory intakes of some vitamins and micronutrients associated with low-fat diets in children (Nicklas et al, 1992; Vobecky et al, 1995) .
Even though the results of the studies cited above differ, the ®rst two publications indicate the potential that treatment with low fat diets might interfere with normal child growth. However, it is not clear whether this possible effect on growth is a metabolic consequence of the level of fat intake per se, or due to an association of dietary fat content with energy density. The biological energy value of dietary long-chain triglycerides (around 9 kcalag) is about 2.25-fold higher than that of carbohydrates. Moreover, protein and fats tend not to bind water but carbohydrates do; therefore, diets low in fat tend to have a lower energy density (energyag of food). Particularly children have a limited capacity to eat foods; therefore, diets with a very low dietary energy can reduce total energy intake and, thereby, reduce weight gain and eventually also length gain (Figure 2) .
It is quite possible that the association of dietary fat content and energy density are the main reason for the positive relationship between high dietary fat contents, body weight and body fat mass in a series of observations in adults (Lean & James, 1988; Kendall et al, 1991; Tremblay et al, 1989; Astrup et al, 1994) , children and adolescents (Ortega et al, 1995; Tucker et al, 1997; Gazzaniga & Burns, 1993 ). An impressive example of the clinical relevance of fat intake in a population with a high risk for malabsorption, infection and malnutrition is the reported association between fat intake, body weight and clinical course of the disease in cystic ®brosis (CF) patients. Corey et al (1988) analyzed data on the large populations of CF patients followed in Boston and Toronto. While a low fat diet had traditionally been recommended at the center in Boston to reduce stool volumes and abdominal discomfort, in Toronto a high fat diet with a somewhat more generous use of pancreatic enzyme preparations had been recommended since the 1970s. The different dietary regimens were associated with a markedly higher body weight in the patients from Toronto, but also a 9 y higher median life expectancy. These observations indicate the potential of adverse effects of low fat diets also in other childhood populations under increased demands due to malabsorption, infection, malnutrition or other factors. Indeed, the safety of a low fat intake in less af¯uent populations stressed by high rates of infection or diarrhea has recently been questioned by Uauy & Castillo-Duran (1999) . The authors studied the effect of total energy, source of energy and source of fat derived from FAO food balance data on growth indices of children under 5 y of age across 18 countries in Latin America. The prevalence of underweight, de®ned as 7 2 standard deviations of weight for age, was negatively correlated to available energy (r 7 0.49), percentage of energy derived from fat (r 7 0.45) and percentage of energy derived from animal fat (r 7 0.65). These data do not provide conclusive evidence for a causal relationship but do raise concerns with respect to the safety of low fat diets in toddlers and preschool children from less af¯uent populations.
One also needs to consider that low fat diets have been associated with the occurrence of chronic non-speci®c diarrhea. Chronic non-speci®c diarrhea (toddlers diarrhea, pea and carrot diarrhea') has been reported in children with very low fat intakes (Cohen et al, 1979) . This form of diarrhea is considered a motility disorder, and the authors proposed that it improves after an increase of fat intake, which slows gastric emptying and small intestinal motility. Since chronic diarrhea may reduce energy and nutrient absorption, an interference of low fat intakes with growth also due to this mechanism appears possible.
In a literature search we found no systematic studies on effects of dietary fat intake on growth during the ®rst half year of life in healthy infants. In the second half year of life, the Copenhagen Cohort Study revealed a signi®cant correlation between dietary energy density and weight gain between the ages of six and nine months in apparently healthy Danish infants, but there was no signi®cant relationship between growth and dietary fat intake (Michaelsen, 1997) . The relevance of energy density for growth during early childhood was also documented in an intervention study in seven months old healthy infants who, in a crossover design, were fed two study diets with an energy density of 0.93 kcalag and 0.55 kcalag, respectively, for 10 d each (Michaelsen, 1997) . There were only minor differences in quantities of food (g) consumed, but large differences in energy intake, which resulted in signi®cant difference in growth even during this short intervention.
An impressive study on the effects of modifying fat intake from the seventh month of life onwards was reported by Niinikoski et al (Niinikoski et al, 1997a,b; . The authors provided dietary counseling aiming at reducing dietary saturated fat intake, based on the assumption that such an early intervention might be bene®cial for risk reduction of later heart disease. A total of 1062 infants were recruited in the city of Turku, Finland and randomized to an intervention group with intensive diet education or a control group with standard care. Dietary fat intakes were low in both groups at eight months (intervention: 29.0% of energy, control: 28.8%, n.s.) and slightly different between intervention and control groups at 13 months (26.2 and 27.9%, P`0.0001), while the ratio of unsaturated to saturated fats was signi®cantly higher in the intervention group at 13 months. Heights, weights and weights relative to heights as well as head circumference were normal for local growth charts and did not differ between groups up to the age of 36 months. Therefore, in this carefully supervised group of infants and young children from an af¯uent society, a change in the quality of fat combined with a slight reduction of fat and energy intakes did not impair growth. However, it is conceivable that the normal growth may have been achieved by adaptive mechanisms such as a reduction in physical activity, which can compensate for a moderate metabolic stress (Waterlow, 1986; Torun, 1989) . A reduction of physical activity as a compensatory mechanism, however, does not seem desirable in view of the relationship of physical activity to infant development, bone mineralisation, longitudinal growth and long term health.
There are indications that not only energy density but also metabolic effects of fat intake itself might modulate growth. Pregnant women with phenylketonuria, an inborn error of amino acid metabolism, need to follow a strict and very closely supervised diet to avoid damage of their unborn baby and congenital malformations. The diet aims to maintain near normal plasma levels of the amino acid phenylalanine and is characterized by very low intakes of natural protein, with almost complete avoidance of animal protein, and supplements of phenylalanine free amino acid mixtures. However, no limitations of fat intakes are required. Data from the international Maternal Phenylketonuria Collaborative Study (MPKUCS) revealed that in this population intrauterine growth, determined by weights, length and head circumferences at the time of birth, was predicted by dietary fat intake during pregnancy, independent of dietary energy density or total energy intake (Rouse et al, 1997; Koch, personal communication 1998) . It is conceivable that this correlation might re¯ect not only effects of availability of total fat but also of speci®c lipid nutrients. For example, in preterm infants the availability of arachidonic acid has been associated with pre-and postnatal growth in observational and in intervention studies (Koletzko & Braun, 1991; Leaf et al, 1992; Carlson et al, 1993; Hansen et al, 1997) . Figure 2 Dietary fat intake is associated with dietary energy density and thus may in¯uence total dietary energy intake and growth. Modi®ed after Michaelsen & Jorgensen (1995) .
Fat intakes in infants and children B Koletzko
Is there a health bene®t of low fat diets in infants and young children?
The main argument put forward for a restricted total lipid intake in young children is that it might be bene®cial for prevention of cardiovascular disease at a later age. However, bene®cial effects on lipoprotein metabolism are only expected from a reduction of saturated and trans-monounsaturated fats, but not of total lipids (Katan, 1997; Hu et al, 1997; Koletzko, 1996 ; European Society for Paediatric Gastroenterology, Hepatology and Nutrition Committee on Nutrition, 1997). There is no evidence that a restricted total lipid intake in infancy has a long-term preventive effect. In contrast, epidemiological studies in a population born in the 1920s raised the possibility that poor growth during the ®rst year of life, which in populations is associated with a low dietary energy density and low fat diets, may even increase the risk of cardiovascular mortality later in life (Barker, 1992) (Figure 3) . Therefore, there is no ®rm scienti®c basis for a preventive bene®t of low total fat intakes during the ®rst years of life.
Conclusions
The available information on the acceptable ranges of dietary fat intakes in early childhood is limited. Further research on this question of major importance for child health should be given high priority. Dietary fat tends to be related to energy density, and there is some evidence for a growth modulating effect of dietary energy density. Suf®-cient satisfactory studies that investigate the growth modulating effect of fat intake independent of energy density are not available. Based on the available data, only preliminary conclusions can be drawn on the safe levels of fat intakes for infants and young children. During the period of rapid growth and high energy and fat requirements in the ®rst postnatal months of life, it appears advisable that the contribution of total fat to energy intake should be similar to full breast feeding, that is, at or above about 40% of energy. With increasing age, fat deposition and energy requirements per kg body weight decrease rapidly and a lower fat intake of about 30 ± 35% of energy appears to allow normal growth in healthy children on af¯uent populations not stressed by malabsorption or frequent infections. Figure 3 Weight at age 1 y was found inversely correlated to standardized mortality ratios for coronary heart disease below age 65 y in 10 141 men born between 1911 and 1930. In view of these epidemiological data, the possibility arises that low fat diets in infancy that tend to be associated with low dietary energy densities and low weight gain may have a longterm health disadvantage. Drawn from data of Barker (1992) .
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